Residues in these regions are believed to be located near The structure of an RNA hairpin containing a seventhe cleavage site in the active ribozyme. They may provide nucleotide loop that is present in the self-cleaving the necessary tertiary interactions that are required to sequence of hepatitis delta virus antigenomic RNA was constrain the conformation around the active site. Based determined by high resolution NMR spectroscopy. The on mutational studies, Tanner and co-workers (Tanner loop, which is composed of only one purine and six et al., 1994) have proposed a model for tertiary folding pyrimidines, has a suprisingly stable structure, mainly of the HDV ribozyme. In this model structure, all singlesupported by sugar hydroxyl hydrogen bonds and stranded regions that were shown to be indispensable for base-base and base-phosphate stacking interactions.
Introduction
. Alternatively, the HDV central loop contains six pyriHepatitis delta virus (HDV) has a single-stranded circular midines and only one purine. Mutational analyses have RNA genome, which is believed to replicate through a shown no indication of canonical or non-canonical base rolling-circle mechanism which generates linear multipairs within the loop. Moreover, it was reported that base mers. Single copies of the genomic and the antigenomic pairing of any type between loop residues and singlestrand are generated through self-cleavage, and this stranded regions elsewhere in the molecule is very unlikely ribozyme activity has been demonstrated in vitro for (Tanner et al., 1994) . The energy contribution of other sequences that are largely homologous in both strands possible external interactions concerning the loop are Sharmeen et al., 1988; Wu et al., 1989;  expected to be insufficient to alter its conformation signi- Macnaughton et al., 1993) . As in other ribozyme systems, ficantly. this cleavage reaction requires the presence of divalent These considerations led us to believe that the central cations, generally Mg 2ϩ .
loop of the HDV ribozyme is structurally autonomous and A secondary structure model for the genomic and that the isolated loop III will adopt a conformation that antigenomic ribozymes has been proposed in which a may be maintained in the ribozyme molecule. We have pseudoknot structure is formed by four helical regions, investigated the structure of a 19 nucleotide RNA hairpin three single-stranded regions and two hairpin loops ( Figure 1B ) containing the above mentioned loop sequence (Rosenstein and Been, 1991) . This model-depicted in by means of high-resolution NMR spectroscopy, in order Figure 1 -has gained strong support by data from chemical probing experiments (Kumar et al., 1994) . Extensive to investigate these hypotheses and to find out what nectivities were established for the entire hairpin following an anomeric to aromatic proton walk, except for the correlations between C9 and U10, and C11 and G12, but these residues could be interconnected via other sugarbase proton NOEs. The rest of the sugar spin systems could then be determined from TOCSY and NOESY ladders connected to the assigned H1Јs. All loop residues had observable TOCSY crosspeaks from H1Ј to H2Ј, and for C9-13 even H1Ј to H3Ј and H4Ј correlations were observable. The sugar proton resonances that could not be assigned in the TOCSY spectra were identified by their NOE intensities to already assigned sugar protonsgenerally the well-dispersed H1Јs-and to base protons. This procedure resulted in the assignment of all sugar proton resonances, except for a few cases in which the resonance identification was hampered by overlap or line broadening (marked as 'tentative assignment' in Table I ).
Stem imino proton resonances could be identified via imino-imino and imino-adenine H2 NOEs. The imino resonance of G1 is less intense than the others due to fraying at the helix end. Intrabase-pair crosspeaks connecting guanine-imino to H5 and H6 resonances of the cytidines, caused by spin diffusion via the C-amino group, agreed with the aforementioned assignments.
Most 31 P-assignments could be derived from a 2D 31 P- mixing time there is an NOE buildup from the (i-1) H3Ј to the H1Ј proton of the same sugar. This pathway resulted possible interactions stabilize the structure of the pyrimidin P(i)-H1Ј(i-1) connectivities for all residues but one. ine-rich loop. The results indicate a relatively well-defined No crosspeaks were observed to H1Ј(i) protons, since structure for the RNA hairpin with some novel structural these are located at a distance of~5 Å away from the features. Furthermore, the loop structure matches the H5Ј/H5Љ(i) protons. The unambiguity of the correlations chemical modification and mutational studies conducted with the well-dispersed H1Јs makes this experiment a on the ribozyme, supporting the notion of a structurally very useful tool in assigning 31 P-resonances, even when autonomous loop III. these are overlapping. For relatively isolated 31 P-resonances, assignments could be confirmed by connection to
Results
H3Ј and H5Ј/H5Љ protons in the 2D HETCOR and hetero-TOCSY spectra. Because the transcription reaction of the RNA yielded two distinct bands of about the same desired molecular Magnesium titration weight, care was taken to ensure that the correct fragment As mentioned previously, HDV catalytic RNA has an was used for the NMR experiments. RNA sequencing of absolute requirement for Mg 2ϩ , but it is not known whether the selected band confirmed the correct sequence of 15 the cation is only required for the cleavage step or is also out of 19 residues. The identity of the last four residues involved specifically in the stabilization of RNA tertiary at the 3Ј-end could not be determined by this method.
interactions. To test the influence of Mg 2ϩ on the loop However, a 13 C-1 H HMQC NMR experiment showed that conformation, we titrated MgCl 2 in 2.5 mM steps to the the selected fragment had the correct number of adenine RNA sample and monitored the behaviour of the H5-H6 H2s, purine H8s and uridine and cytidine H5s, so that the and H1Ј-H2Ј resonances in 100 ms TOCSY spectra (data possibility that the incorrect fragment had been chosen not shown). Only very modest changes in chemical shifts can be excluded.
were observed in the range 0-10 mM MgCl 2 , but all In the 3D model of the HDV ribozyme proposed by resonances broadened considerably. This indicates that the Westhof and co-workers (Tanner et al., 1994) the central loop structure is quite independent of the presence of helix III is co-axially stacked upon helix II (Figure 1 ). magnesium. We mimicked this colinear system in the 19-mer hairpin, hereafter referred to as stem-and-loop III (SLIII), so as to Structure determination account for possible effects of the stem on the conformation A total number of 192 intra-and 136 inter-residue NOEs of the loop.
were collected, of which 58 and 51 relate to loop residues, respectively. As expected, residues 1-6 and residues 14-Assignments 19 form normal Watson-Crick base pairs, and for these Assignment of the stem region was done using standard NMR methods (Wijmenga et al., 1993) . Sequential conregions all NMR data are in agreement with a normal as a result of the much poorer structural definition for Sequential H1Ј, H2Ј and H3Ј to base connectivities as residues C11 and G12. The 31 P-chemical shifts for the well as low-intensity base-base contacts can be seen for first three residues at the 5Ј-side of the loop have A-helical all stem residues. With the exception of G1, all stem values, and a considerable number of sequential baseresidues have an N-type sugar pucker. Therefore we kept base and sugar-base NOEs forces residues C6-C9 into a the stem residues 1-5 and 15-19 in a fixed helical stacked orientation (see Figure 3 ). All regular A-helical conformation during all molecular dynamics (MD) simulaconnectivities are observable for this region, albeit with tions that were necessary for calculating the correct loop different intensities. In particular, the measured distances conformation. The base pair preceding the loop, C6G14, between H2Ј(i) and H5(iϩ1) for C6, U7 and C8 are was allowed to move within the boundaries of the standard~4 .2 Å, which is~1 Å less than in a standard A-helix. A-helical distance restraints to accommodate possible This leads to an orientation in which the bases are distortions imposed by the loop conformation. The final positioned directly above each other, thereby reducing the restrained molecular dymamics (RMD) run, in which all helical twist for these residues practically to zero. This experimental data were used as restraints on a standard pattern is disrupted between C9 and U10, as is indicated A-helix, yielded no violating structures, indicating that all by a large value for J H1ЈH2Ј , meaning that the uridine stem NOEs agree with this conformation.
sugar adopts an S-conformation, and the position of the phosphorus resonance of U10. A relatively strong NOE The loop region. Despite the availability of 51 interconnecting the C9 H4Ј and the H6 of U10 is observed, residue constraints for the loop region alone, the first RMD while an inter-residue H1Ј-H6 crosspeak is absent for run, which started from randomized loop conformations, these residues. This forces the uridine base into an yielded an ensemble of 50 structures with 20 or more orientation that is different from the preceding residues violations. A set of 10 structures with the lowest energies (discussed below). and the lowest number of violations was selected from
The NOEs at the 3Ј-side of the loop display a more or this ensemble and subjected to the same simulated less regular stacking between C13 and G14 (in the stem). annealing (SA) protocol. This resulted in a family of According to the H1Ј-H2Ј coupling constant, the sugar structures with only 5-10 violations. Following yet another pucker of the cytidine is approximately N-type. Alternatround of selection, no structures were obtained with ively, the preceding residues C11 and G12 have sugar violations Ͼ0.5 Å. It is interesting to see that RMD turned puckers that are in conformational equilibrium between out to be unable to search conformational space efficiently N-and S-type puckers. G12 has only few sugar-base enough to come up with structures fulfilling all expericontacts with C13, and shows some irregular NOEs with mental data using a limited amount of distance restraints the sugar of C11. Its sugar proton resonances are broadened in a single MD run of~30 ps.
at 750 MHz, and the same broadening is seen for residue Figure 2 shows an overlay of a family of structures C11. Interestingly, the lines sharpen up at 500 Hz and the fulfilling all experimental restraints. Residues U7-C9 at J H1ЈH2Ј s for C11 and G12, which were not or hardly the 5Ј-end of the loop are structurally best defined, but U10 and C13 also have little conformational freedom.
resolved at the higher field strength, could be easily H2Ј-and H3Ј-resonances are broadened and partly overlapping with other resonances, hampering an accurate determination of χ through the H8 to H2Ј/H3Ј NOE intensities. However, as will be discussed in the following section, the data suggest that the guanine base moves within the limits of two conformations, and therefore the χ angle was constrained to the corresponding boundaries of 50-100°.
Discussion
Description of the structure A representation of the average structure is given in Figure   Fig. 3 . Overview of the inter-residue NOE distance restraints used in the structure calculations of the loop residues of the SLIII hairpin.
The two bases at the stem-loop junction, U7 and C13,
Connectivities between protons are indicated by lines.
form a hydrogen bond between the O2 of U7 and the amino group of C13 ( Figure 5 ). The geometry of this non-Watson-Crick UC base pair is different from the one measured. This indicates a conformational exchange for these residues with estimated lifetimes of tens of milliobserved in the crystal structure of an RNA duplex (Holbrook et al., 1991) , where a hydrogen bond is formed seconds. Such an internal mobility is also suggested by the two unidentified imino resonances that are observed between the O4 of the uridine and the cytidine amino group. This difference in configuration is related to the in the H 2 O spectra, one at 12.1 p.p.m. and another very broad peak at 11.1 p.p.m. They are clearly visible at fact that in our case the base of U7 is positioned directly above C6. As a consequence, U7 is turned towards the 400 MHz, but are broadened almost beyond detection at higher field strengths. Unfortunately, no NOEs could be major groove with respect to C13 and offers its O2 rather than its O4 as a hydrogen bond acceptor to the amino observed to these resonances. Since G12 is a rather unlikely candidate for a visible imino proton considering group of C13. The same base-base overlap is observed for residues C8 and C9, which also have their bases turned its orientation in the 3D structure (vide infra), these two resonances can be attributed to U7 and U10.
towards the major groove, rather than towards the helical axis. The orientation of these three residues makes them No NOEs from G12 towards the 5Ј-side of the loop are observed, and in most of the calculated structures its base accessible for possible long-range tertiary interactions in the HDV ribozyme. is not pointing in that direction, which makes it very unlikely to be involved in some kind of base pairing to a
The stacked region at the 5Ј-side of the loop is followed by a turn in the backbone between C9 and U10. This is residue in the opposite strand. Unfortunately, it is difficult to assess the conformation around the angle χ because of clearly manifested by the opposite sugar orientation of these residues (Figure 4 ). This sudden inversion of the the mobility of this residue mentioned earlier. All NOEs concerning this residue are rather weak because of a direction of the sugar-phosphate backbone is accompanied by an S-puckered conformation of the sugar of U10, and possible conformational averaging. Additionally, the G12 (Koradi et al., 1996) ] of the average structure of the ensemble depicted in Figure 2 . Only the loop residues and the closing base pair of the stem are depicted. The current view is towards the major groove side of the loop, and the base of G12 is pointing out of the plane. No sugar protons are shown, except for the 2Ј-hydroxyls. Oxygen atoms are marked in red, phosphorus in yellow, nitrogen in blue, base carbons in green and hydrogens in white. Putative hydrogen bonds (based on the proximity of the donors and acceptors in the calculated structures) are marked as blue broken lines.
in Figure 4 ), but there is a considerable degree of motional freedom. The H1Ј-H2Ј scalar coupling constant of 5 Hz reveals a conformational equilibrium between N-and S-puckering of the sugar. Structure calculations in which the sugar pucker was constrained to either one of these conformations resulted in two different families in which the amino group of the guanine is close to hydrogen bonding distance to the phosphate of either G12 or C13, respectively. In the absence of sugar puckering restraints, the orientation of the base is, on average, somewhere in reflected by the fact that its hydroxyl proton is always within or near hydrogen bonding distance to the phosphate causes its base to be positioned directly above the phosof C13. phate of C9. The stabilizing role of such a base-phosphate stacking interaction is complemented by two hydrogen Novel structural features bonds, i.e. between the hydroxyls of C9 and U10 and the
The SLIII loop contains a number of structural features phosphate oxygens of U10 and C9, respectively. This local not observed earlier.
The new configuration of the UC network of interactions keeps the participating residues base pair has already been mentioned in the preceding in place and explains the non-standard conformational section. The other aspects can best be discussed by properties such as the S-pucker of U10. It also separates comparing the present results with the well-studied structhe rigid 5Ј region of the loop from the more flexible 3Ј ture of the tRNA-anticodon loop, which is also a sevenregion, in particular residues C11 and G12. The dynamic membered loop. In the anticodon loop the structure is character of these two residues, which was suggested by dominated by extensive base-base stacking interactions the NMR data, is also apparent from the family of proceeding from the 3Ј-end of the loop through the fifth structures in Figure 2 . However, on average, the base of nucleotide, after which a sharp turn between the fifth and C11 seems to be roughly positioned above its own the sixth nucleotide changes the direction of the sugarphosphate, thus enabling base-phosphate stacking.
phosphate backbone (see Figure 6A ). The remaining gap The flexibility in this part of the loop is even more is closed by the last two residues, i.e. at the most 5Ј-side evident for residue G12. The N1 of the base is pointing towards the major groove (which is towards the viewer of the loop [for a review of the tRNA Phe crystal structure it has shifted two positions in the 3Ј-direction compared with U33 in the anticodon loop; in other words, in the 3-nucleotide sequence making up the U-turn the uridine is now at the end and not at the start and therefore we designate this configuration as a reversed U-turn. Analogously to the U-turn found in the anticodon loop in tRNA, it is expected that this turn may also be found in other molecules. The orientation around the reversed U-turn has interesting and important consequences for the loop conformation. In the anticodon loop, the base of U33 stacks on the stacking phosphate by turning inwards into the loop forming, through its imino proton, a hydrogen bond with the phosphate of A36. On the other hand, in the SLIII loop, stacking of the base of U10 on the stacking phosphate turns it outwards towards the solvent (see Figure 4) and it is not possible to form a hydrogen bond by its imino proton and acceptor groups in the molecule. However, the turn is stabilized by a hydrogen bond of the hydroxyl group of the sugar of U10 and the stacking phosphate (Figure 4) . One might wonder whether the same configuration could prevail if U10 were substituted by a cytidine. At this point, we see no problem with this; mutational data from Kawakami et al. (1993) indicated that a U10C substitution in the HDV genomic ribozyme did not abolish the catalytic activity.
Is the structure of the central loop in the antigenomic ribozyme preformed in the SLIII loop?
The structural and functional features of the central loop in the HDV ribozyme have been the subject of a number studies (Tanner et al., 1994) have indicated that the guanine corresponding to G12 in the SLIII loop is not involved in Watson-Crick base pairing with the cytosine see for instance Quigley and Rich (1976) ]. In the geometrical model developed for loop folding (Haasnoot et al., corresponding to C8 in the SLIII loop in the opposite strand. This conforms nicely to the SLIII loop structure. Hilbers et al., 1994) it has been indicated how such an A-type stacking configuration reduces the distance
The hydrogen bond pattern of the hydroxyl groups and the stacking in the 5Ј-side of the loop pulls the base of between the fifth residue and the 3Ј-end of the helix to such an extent that the remaining gap can be closed by C8 away from G12. Close inspection of G12 and its surroundings in a spacefilling model also reveals that an the remaining two residues. As a result of this stacking, the bases involved are in a suitable orientation for engageapproach of the guanine base towards the cytosine base is hindered by the sugar ring of the latter. This leaves the ment in anticodon-codon interactions.
The sharp change in the direction of the backbone is guanine as an element of local mobility in an otherwise relatively rigid loop structure. The mutational studies have brought about by the turning phosphate, i.e. the torsion angles in the phosphate adopt a so-called π3-turn (ζ -, α t ), also indicated that the nucleotides of the 5Ј-half of the central loop in particular are very important for catalysis. between U33 and G34 (numbering of yeast-tRNA Phe , see Figure 6 ). The sharp turn is stabilized by the stacking of In order to obtain a clearer picture of the role of these residues of the central loop, more data are needed describthe uridine base (U33) on the stacking phosphate G34-p-A35, which is located at the 3Ј-side of the turning ing the tertiary fold of the molecule. Recently, progress in this matter has been achieved by studying the formation phosphate (see Figure 6 ). In the SLIII loop the situation is reversed, i.e. the positions of the turning and the stacking of long range photocrosslinks within the genomic and antigenomic ribozyme molecules (Bravo et al., 1996 ; phosphates have been interchanged. Thus, the phosphate in the SLIII loop corresponding to the turning phosphate Rosenstein and Been, 1996) . Bravo et al. (1996) showed that, using photo-active thiouridine, crosslinks could be in the anticodon loop has become the stacking phosphate and vice versa: the stacking phosphate (C8-p-C9) preobtained between substrate positions -1 and -2 (defined with respect to the cleavage site) and the cytosine and cedes the turning phosphate (C9-p-U10). Also in contrast to the anticodon loop, in the SLIII loop the uridine (U10) guanine corresponding to G12 and C8 in the SLIII loop, respectively. Rosenstein and Been (1996) observed, by involved in phosphate stacking now directly follows the turning phosphate instead of preceding it. This means that employing the photo-activatable azidophenacyl group, that
After two cycles of selection and calculation (discussed in the Results section) 10 structures that best matched the restraints were used as a set of starting structures in the last SA run, employing experimental data
Materials and methods
for the stem in addition to standard restraints needed to maintain A-helical conformation. Finally, the resulting ensemble was subjected Sample preparation to an energy minimization step. The 5Ј-pppGGCACCUCCUCGCGGUGCC-3Ј RNA oligonucleotide was prepared from a partially duplex DNA template by in vitro transcription with T7 RNA polymerase (Milligan et al., 1987) . The RNA was purified
